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In order to understand the impact of Fukushima Nuclear Accident (FNA) on the marine environment,
seawater and a composite squid (Ommastrephe bartrami) sample were collected on the monitoring cruise
XT01 during June 16eJuly 4, 2011. The concentration levels of Cesium-134, Cesium-137, Strontium-90,
Silver-110m, Cobalt-58 and Cobalt-60 were measured both for the seawater and squid samples. The
elevated activity levels of Cesium-134 and Cesium-137 were found in the sampling area. Cesium-134 and
Silver-110m, which were usually undetectable before FNA, were also found in the squid sample, with the
activity levels of 1.65 ± 0.13 Bq/kg-wet and 0.07 ± 0.01 Bq/kg-wet, respectively. The radiological
assessment result showed that the radioactive release from the FNA would not have a signiﬁcant adverse
effect on marine biota at the population level.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
OnMarch 11 05:46 UTC, 2011, a 9.0 magnitude (MW) earthquake
occurred at northwest Paciﬁc (epicenter at 38.1N and 142.9E,
130 km ESE of the Ojika Peninsula of Japan). The subsequent
tsunami triggered the accident at the Fukushima nuclear power
plant (FNPP), which was the ﬁrst major accident to directly
discharge huge liquid radioactive contaminants into the marine
environment. The amount of radioactive contaminants released
directly into the marine environment was estimated to be
3e27 PBq for 137Cs (Bailly du Bois et al., 2012; Kawamura et al.,
2011; Masumoto et al., 2012; Rypina et al., 2013; Tsumune et al.,
2012), 11 PBq for 131I (Kawamura et al., 2011), 0.1 PBq for 3H
(Povinec et al., 2013), 2.35e7 GBq for 129I (Hou et al., 2013; Povinec
et al., 2013) and 0.08e0.9 PBq for 90Sr (Casacuberta et al., 2013;
Peria~nez et al., 2013).
Although ocean has a great capacity to dilute and disperse the
radioactive release due to its large volume, the long half-life ra-
dionuclides will stay in the marine environment for a long period
and possibly threaten the marine ecosystem or human-being via
food chain transferring, especially for the coastal benthic environ-
ment (Wada et al., 2013).Ltd. This is an open access article uAfter the discharge of the radioactive contaminants, a sophis-
ticated physicalebiogeochemical model should be set up to give a
comprehensive evaluation of radioactivity on marine ecosystem
(Maderich et al., 2014). Parameters in the model should be deter-
mined by ﬁeld sampling. The data from ﬁeld surveys could also be
applied to validate the model. However, the scarcity of ﬁeld data in
different environmental matrices would constrain the prediction
ability of the model, especially in the open ocean.
In order to understand the fate of the radioactive contaminants
after the Fukushima nuclear accident (FNA) and to assess the
relevant effect and radiological risk on the open ocean in the
northwest Paciﬁc, the XT01 cruise was implemented by the Third
Institute of Oceanography, State Oceanic Administration of China
(SOAC) during June 16eJuly 4, 2011. The monitoring region was at
145.007e149.117E and 34.015e39.997N. Surface seawater sam-
ples were collected at 35 stations (forming 4 sections) for radio-
activity measurement in the cruise. Meanwhile the biota sample
was collected at 1 station (33.492N, 148.006E).2. Methods and materials
2.1. Sampling sites
The two main current systems in this oceanic region are the
Kuroshio Current extension with high temperature and high
salinity and the Oyashio Current with low temperature and lownder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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southwards along the east coast of Japan, joins with the north-
ward Kuroshio Current at 35N and ﬂows eastwards into the
open ocean. The historical data of spatialetemporal hydrody-
namics of the fronts of temperature and salinity were obtained
by remote sensing at the monitoring region to determine the
monitoring region and sampling sites before the cruise. The
monitoring region was located to the east of Japanese EEZ,
mainly at the northern side of the Kuroshio extension, which is
on the main pathway of the FNA radioactive release trans-
portation. 35 sampling sites were set, forming 3 latitudinal sec-
tions and 1 longitudinal section.
The monitoring region's average surface dynamic topography
during JuneeJuly of 2011, the accordingly calculated geostrophic
ﬂows and the sampling stations of seawater and biota are shown in
Fig. 1, where the color represents the surface dynamic topography
(in centimeters), the arrows represent the geostrophic ﬂow (the
ones with velocities lower than 10 cm/s were not showed), the dots
represent the seawater sampling stations and the triangle repre-
sents the biota sampling station. Detailed information of the sam-
pling stations is given in Table 1.
The surface dynamic topography data were the quasi-real-time
multi-source integrated altimetry data from T/P, Jason and ERS1/2
satellites provided by AVISO (www.aviso.oceanobs.com/). The
spatial resolution of the data was 1/3, and the time resolution was
7 d, with the correction for tides and sea level pressure. The dy-
namic topography was established according the method proposed
by Li et al. (2002) using satellite altimetry data combined with
climatological temperature and salinity data (WOA01).
At the main axis of the Kuroshio extension, the ﬂow velocity
reached over 100 cm/s, while the ﬂow velocity was much lower at
the cyclonic and anti-cyclonic mesoscale eddies around the Kur-
oshio extension.Fig. 1. Map of surface dynamic topography, geostrophic ﬂows and the sampling stations (colo
sampling stations; and triangle e biota sampling station).2.2. Sampling methods
Surface seawater was sampled by submersible pumps at the
depths of 0, 20 and 50 m. For each, 150 L seawater samples were
collected, stored in polyethylene barrels with acidiﬁcation to
pH ¼ 2, and taken back to land-base laboratory for analysis.
Net tows were applied for several times at different locations
but failed to obtain enough sample for radionuclides analysis, so
angling with hooks was used for biota sampling and succeeded to
get 11.55 kg of squid (Ommastrephe bartrami) as a single composite
sample.2.3. Analysis and detection methods
2.3.1. Gamma-emitting radionuclides (110mAg, 134,137Cs, 58,60Co) in
seawater
Aliquots of 60 L clear seawater were placed into open poly-
propylene drums. Agþ carrier (1.2 g, AgNO3) was added and stirred
for 30min tomake a AgCl precipitation, then left for 3 days settling.
The clear supernatant was then siphoned into another bucket;
30 mg Csþ carrier (CsCl) was added and adjusted to pH < 2; next,
15 g AMP (Ammonium Molybdophosphate) was added and stirred
for 30 min to make the cesium precipitate, allowing 2 days for
settling. The clear supernatant was siphoned into a third bucket;
100 mg Co2þ carrier and 200 mg Fe3þwere added and stirred. Then
NaOHwas added until the solution turned pink (pH ~ 8) and stirred
for 30 min to make the Fe(OH)3 co-precipitation. The lower pre-
cipitation phase of the three buckets was suction ﬁltered using
quantitative ﬁlter paper; the papers were transferred into crucibles
and placed in a mufﬂe furnace at 450 C for 2 h; the ashes were
weighed, porphyrized and boxed, then subjected to HPGe
spectrometry.r e surface dynamic topography (cm); arrows e geostrophic ﬂows; squares e seawater
Table 1
Information of the sampling stations.
No. Section Station Sampling date Longitude (E) Latitude (N)
1 W3 W3-3 06/21/2011 145.007 34.992
2 W3-4 06/21/2011 145.505 34.990
3 W3-5 06/21/2011 146.002 34.997
4 W3-6 06/21/2011 146.498 35.000
5 W3-7 06/21/2011 146.993 35.003
6 W3-8 06/22/2011 147.487 35.003
7 W3-9 06/22/2011 147.970 35.008
8 W2 W2-7 06/22/2011 147.997 37.380
9 W2-6 06/22/2011 147.505 37.405
10 W2-5 06/22/2011 147.005 37.400
11 W2-4 06/22/2011 146.507 37.398
12 W2-3 06/23/2011 146.032 37.408
13 W2-2 06/23/2011 145.543 37.398
14 W2-1 06/23/2011 145.098 37.397
15 W1 Wa 06/23/2011 145.822 37.987
16 Wb 06/23/2011 146.272 38.618
17 W1-1 06/23/2011 146.327 38.998
18 W1-2 06/23/2011 146.660 39.008
19 W1-3 06/23/2011 146.993 39.007
20 W1-4 06/24/2011 147.467 39.000
21 W1-5 06/24/2011 147.975 39.010
22 W1-6 06/24/2011 148.495 39.002
23 J4 J4-13 06/24/2011 149.005 39.997
24 J4-12 06/24/2011 149.117 39.540
25 J4-11 06/24/2011 149.008 38.995
26 J4-10 06/24/2011 149.023 38.498
27 J4-9 06/25/2011 148.955 38.032
28 J4-8 06/25/2011 149.000 37.502
29 J4-7 06/25/2011 149.017 37.003
30 J4-6 06/25/2011 149.015 36.510
31 J4-5 06/26/2011 149.012 36.010
32 J4-4 06/26/2011 149.008 35.497
33 J4-3 06/26/2011 149.003 34.993
34 J4-2 06/26/2011 149.003 34.505
35 J4-1 06/26/2011 148.997 34.015
36 Biota B01 06/26/2011 148.006 33.492
W. Yu et al. / Journal of Environmental Radioactivity 142 (2015) 54e61562.3.2. Beta-emitting radionuclide 90Sr/90Y in seawater
Aliquots of 40 L clear seawater were added with 200 mg Sr2þ
carrier, 40 mg Y3þ carrier, 200 g anhydrous sodium carbonate and
30 g solid ammonium chloride while stirring, then left for 2 days
settling. The supernatant was removed and the precipitate was
collected with suction ﬁltration. The precipitate was then dissolved
with 6 M HNO3 and adjusted to pH ¼ 1. 90Sr and its daughter 90Y
was separated by two extractions with bis(2-ethylhexyl) phos-
phoric acid (HDEHP)enormal heptane (1:9) 50 mL under pH ~ 1.0;
90Y was back extracted from the organic phase with 9 mol/L HCl,
precipitated with aqua ammonia, and dissolved in HNO3. 5 mL
saturated oxalic acid was added into the solution and pH was
adjusted to 1.5e2.0 with NH3$H2O to make Y2(C2O4)3$9H2O pre-
cipitation. The precipitate was collected with suction ﬁltration,
dried in oven at 50 C, weighed and then subject to low-level a/b
counter.
2.3.3. 131I in seawater
Aliquots of 10 L seawater were added with 20 mg KI carrier. All
Iodine was reduced to I with NaHSO3 and HNO3. The I was
concentrated with strongly basic anion exchange resin (201  7
NO3 ) column and the column was washed with H2O and 3 mol/L
NaNO3. The Iwaswashed downwith 0.5mol/L NaNO3. NaNO2was
added into the solution and I2 was then extracted with CCl4;
NaHSO3 was added into extract liquor and I was back-extracted
with H2O; AgNO3 was added to cause AgI precipitation. The pre-
cipitate was collected with suction ﬁltration, dried in oven at 50 C,
weighed and then subject to low-level a/b counter.2.3.4. Gamma-emitting radionuclides (110mAg, 134,137Cs, 58,60Co, etc)
in squid
All the squid were analyzed as one sample. The whole bodies
were weighed fresh, dried at 50 C, and then ashed at 450 C. The
ash was porphyrized, weighed and boxed, then subjected to HPGe
spectrometry.
2.3.5. 90Sr/90Y in squid
An aliquot of 10 g squid ash was added with 200mg Sr2þ carrier,
40 mg Y3þ carrier, 50 mL concentrated nitric acid and 5 mL
concentrated H2O2. After boiling for 30min, the samplewas ﬁltered
and saturated Na2CO3 was added into the supernatant. The pre-
cipitate was collected by suction ﬁltration, dissolved with HNO3
and then adjusted pH to 1. The following procedures were the same
as the analyzing method for 90Sr/90Y in seawater.
3. Results and discussions
3.1. Background activity of 137Cs, 134Cs and 90Sr at the northwest
Paciﬁc
137Cs and 134Cs are two of the most important radioactive con-
taminants released in a nuclear power plant accident due to their
large ﬁssion yield and relatively long half-life (30.2 y and 2.1 y
respectively). The atomic bomb testing and Chernobyl nuclear po-
wer plant accident in the last century have been the largest sources
for the 137Cs in the marine environment (IAEA, 2004). According to
the data from IAEA's MARiS (Marine Information System) database,
from the year 2000e2010, the radioactivity of 137Cs in surface
seawater near Japan ranged from 0.04 to 3.4 mBq/L, on average
1.7 ± 0.6 mBq/L (n ¼ 961) in this region. 134Cs is usually not
detectable in the surface seawater because there was no newmajor
source in the past 20 years and the 134Cs released in last century has
decayed to extremely low levels, well below the radioanalytical
detection limit. Therefore, 134Cs could be considered as an indicator
of contaminants released from the recent FNA.
90Sr is another one of the important radionuclides released in an
accident because of its relatively long half-life (28.6 y) and high
afﬁnity to the bones of biota. The earlier atomic bomb testing and
Chernobyl accident also released large amounts of 90Sr into the
marine environment. The pre-Fukushima background activity of
90Sr in surface seawater at the northwest Paciﬁc is 0.01e2.6 mBq/L,
on average 1.2 ± 0.4 (n ¼ 871) (from IAEA's MARiS Database).
3.2. Distribution of 137Cs and 134Cs in seawater
The results showed that the radioactivity of 137Cs in surface
seawater varied widely, ranging from 1 to 826 mBq/L, of which 65%
data was lower than 100 mBq/L, while only 1% was higher than
800 mBq/L. 134Cs activity data were distributed in a similar pattern
(Fig. 2). Themedian value of 137Cs and 134Cs activity in seawater was
47.1 mBq/L and 39.5 mBq/L, respectively. At the 0m depth layer, the
137Cs and 134Cs activity ranged from 1 to 826mBq/L and from below
detection limit to 757 mBq/L, and the medians were 51 mBq/L and
45 mBq/L, respectively. At the 20 m depth layer, the activity of 137Cs
and 134Cs ranged from 1 to 755 mBq/L and from below detection
limit to 662 mBq/L, and the medians were 39 mBq/L and 35 mBq/L,
respectively. At the depth of 50 m, the activity of 137Cs and 134Cs
varied from 2 to 678 mBq/L and from below detection limit to
597 mBq/L, and the medians were 52 mBq/L and 43 mBq/L,
respectively.
In Fig. 3(a)e(f), the horizontal distributions of 137Cs and 134Cs at
different depths are shown. The distribution patterns for 137Cs and
134Cs were extremely similar due to their same biogeochemical
behavior. Both of the 137Cs and 134Cs activities were higher in the
Fig. 2. Histogram of 137Cs and 134Cs activity in seawater.
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other regions. The largest value was observed at the station W2-7,
over 615 km (332 NM) away from Fukushima. The distribution
patterns were similar in the depths of 20 m and 50 m as in the
surface seawater.
The proﬁle of 137Cs activity in seawater at Section J4 (Fig. 4)
showed that the seawater 137Cs activity was higher at the northernFig. 3. Horizontal distributions of 137Cs,side of the Kuroshio extension (35N) than at the southern side,
revealing the Kuroshio extension's barrier effect on FNA radionu-
clide transport. However, part of the radionuclide was transported
southwards across the Kuroshio extension with the north Paciﬁc
mode water (Men et al., 2015).
The 134Cs activity was decay-corrected to Mar 11 2011 and
plotted against 137Cs activity in Fig. 5. The slope of the linear ﬁt was
0.983, very close to the 134Cs/137Cs ratio (1, reported by Masson
et al. (2011), Buesseler et al. (2012) and Merz et al. (2013)) of
FNA, revealing that the radionuclides were released from FNA.
Compared with the averaged background data, the highest ac-
tivity of 137Cs observed in surface seawater was 485 times above
background, and the observed median activity of 137Cs was 28
times higher than the background. Also, similar levels of 134Cs were
detected at the monitoring region, which are clearly the contami-
nation released by Fukushima accident.
3.3. Distribution of 90Sr in the seawater
Due to the complicated and laborious analytical method for 90Sr,
the radioactivity of 90Sr in seawater was less reported and evalu-
ated after the FNA (Casacuberta et al., 2013; Povinec et al., 2012).
The seawater 90Sr activity in the monitoring region ranged from 1
to 31mBq/L, and themedianwas 2mBq/L. At the depth of 0m, 20m
and 50 m, all the minimum activities of 90Sr were 1 mBq/L. The
maximum activity of 90Sr at these depths was 31 mBq/L, 26 mBq/L
and 29 mBq/L, and the medians were 2 mBq/L, 2 mBq/L and 3 mBq/
L, respectively.134Cs and 90Sr (mBq/L) in seawater.
Fig. 4. Proﬁle of 137Cs activity (mBq/L) in seawater at Section J4.
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shown in Fig. 3(g)e(i). The distribution pattern of 90Sr was similar
to those of 137Cs and 134Cs. The activities of 90Sr were also higher at
the middle and east part of section W2, with the highest value
observed at station W2-7.
The measured 90Sr activity was plotted against 137Cs activity in
Fig. 5. The slope of the linear ﬁt was 0.029, comparable with the
90Sr/137Cs ratio (0.01e0.02) reported by Buesseler et al. (2013) and
Peria~nez et al. (2013). The R2 of the linear ﬁt was 0.727, lower than
the 134Cs/137Cs linear ﬁt R2, probably because the difference be-
tween the biogeochemical behavior of Sr and Cs, as well as the
different time distribution of the Sr and Cs releases.
Compared with the background data mentioned in Section 3.1,
the observed highest 90Sr activity (31 mBq/L) was as much as 26
times the average background and the observed median 90Sr ac-
tivity was twice of the average background activity.
3.4. Other radionuclides in the seawater
Other radionuclides, such as 110mAg, 58Co and 60Co were
analyzed but the results were below detection limits (0.36 mBq/L
for 110mAg, 0.36 mBq/L for 58Co and 0.41 mBq/L for 60Co,
respectively).
3.5. Activities of radionuclides in squid
The biota sample obtained in the cruise was of squid (O. bar-
trami). The body length of the samples varied from 161 to 468 mm,
on average 251 mm, and the weight varied from 94 to 3102 g, onFig. 5. Decay-corrected 134Cs and 90Sr activity plotted against 137Cs activity.average 594 g. For 61% of the samples, the body length varied from
160 to 230 mm, 39% longer than 310 mm, according to which it
could be inferred that the age of the samples varied from 3 to 7
months. The wet weight of the composite sample was 11.55 kg, and
the weights were 2.75 kg and 19.13 g respectively after drying and
ashing.
The activity of 90Sr in the squid sample was 7.64 ± 1.67 Bq/kg-
wet, the activity of 110mAg was 1.65 ± 0.13 Bq/kg-wet, and the ac-
tivity of 137Cs and 134Cs was 0.06 ± 0.01 Bq/kg-wet and
0.07 ± 0.01 Bq/kg-wet, respectively.
110mAg is one of the main activation products in the efﬂuent of
nuclear power stations, and were reported after the FNA (Lepage
et al., 2014; Saegusa et al., 2013). It has a relatively short half-life
of 250 d, so usually it's not detectable in the normal marine biota.
It's probable that the 110mAg in the squid sample came from the
contaminants released in the FNA because cephalopods have a long
migratory path and potentially high concentration factor (CF) for
110mAg, similar to zooplankton. Although IAEA (2004) does not
provide a recommended CF for Ag in cephalopods, the one reported
for molluscs (6  104) is similar to that for Zn (8  104) in molluscs.
The IAEA CF for Zn in cephalopods is 6 104 andmay be considered
as an approximation for Ag. Accordingly, 134Cs, which is also usually
undetectable, was also found in the squid samples, indicating the
inﬂuence of the FNA.3.6. Radiological risk assessment
The European Union (EU) Erica Assessment Tool (version June
2011) was used to evaluate the radiological risk in the marine
environment of the monitoring area. The Tier 1 and Tier 2 level of
assessments were done. Isotopes of 137Cs, 134Cs, 90Sr and 110mAg and
a dose screening value of 10 mGy h1 were selected in the assess-
ment. The highest activity concentrations of 137Cs, 134Cs and 90Sr in
the seawater monitoring results were input in the assessment as
the environment concentration and the parameters of distribution
coefﬁcient (Kd), concentration ratio (CR), dose conversion co-
efﬁcients of radiation, occupancy factors, uncertainty factor were
set as the default value in ERICA Tool. The weighting factors of in-
ternal low beta, internal beta/gamma and internal alphawere set as
3, 1 and 20.
The result of Tier 1 assessment was that “At least one value is
above the 10 mGy h1 screening dose rate. Continuing to the next
tier is recommended.” The output result of Tier 2 assessment is
listed in Table 2, where all total dose rates per organismwere lower
than the screening rate by 2e3 orders of magnitude. The dose rates
from 137Cs and 134Cs were higher than those from 90Sr and 110mAg
by 2e4 orders of magnitude. It indicated that the radioactive
Table 2
Result of total dose rate in ERICA tool tier 2 assessment.
Biota External dose rate e isotope [mGy h1] Internal dose rate e isotope [mGy h1] Total dose rate e isotope [mGy h1] Total dose rate
[mGy h1] per organism
Ag-110m Cs-134 Cs-137 Sr-90 Ag-110m Cs-134 Cs-137 Sr-90 Ag-110m Cs-134 Cs-137 Sr-90
Pelagic ﬁsh 7.0E07 6.1E04 2.4E04 8.4E07 3.1E04 1.2E02 1.3E02 4.4E04 3.1E04 1.3E02 1.3E02 4.4E04 2.7E02
(Wading) bird 7.0E07 5.8E04 2.3E04 6.2E07 2.9E03 7.7E02 7.2E02 2.8E05 2.9E03 7.7E02 7.2E02 2.9E05 1.5E01
Benthic ﬁsh 3.8E07 3.1E04 1.2E04 7.8E07 2.6E04 1.1E02 1.2E02 4.3E04 2.6E04 1.1E02 1.2E02 4.3E04 2.4E02
Benthic mollusc 3.8E07 3.3E04 1.3E04 1.2E06 1.6E03 6.0E03 8.2E03 2.2E03 1.6E03 6.3E03 8.3E03 2.2E03 1.8E02
Crustacean 3.5E07 3.0E04 1.2E04 3.6E07 1.8E03 6.2E03 6.1E03 2.5E04 1.8E03 6.5E03 6.2E03 2.5E04 1.5E02
Macroalgae 4.0E07 3.4E04 1.4E04 3.1E06 4.1E05 8.6E03 1.3E02 5.9E04 4.2E05 9.0E03 1.3E02 5.9E04 2.3E02
Mammal 3.7E07 3.0E04 1.2E04 1.3E07 9.8E03 9.4E02 5.7E02 2.9E05 9.8E03 9.4E02 5.7E02 2.9E05 1.6E01
Phytoplankton 8.0E07 7.5E04 3.9E04 2.0E05 5.6E08 3.3E07 4.7E07 5.0E08 8.6E07 7.5E04 3.9E04 2.0E05 1.2E03
Polychaete worm 0.0Eþ00 0.0Eþ00 0.0Eþ00 0.0Eþ00 1.2E03 1.5E02 2.1E02 7.9E06 1.2E03 1.5E02 2.1E02 7.9E06 3.7E02
Reptile 3.8E07 3.1E04 1.2E04 1.4E07 9.7E03 2.0E01 1.2E01 2.9E05 9.7E03 2.0E01 1.2E01 2.9E05 3.3E01
Sea anemones
or true corals e
colony
3.5E07 3.0E04 1.2E04 1.1E06 4.0E04 6.0E02 5.7E02 1.8E02 4.0E04 6.1E02 5.7E02 1.8E02 1.4E01
Sea anemones
or true corals e
polyp
4.0E07 3.4E04 1.4E04 2.3E06 1.2E04 2.9E02 4.4E02 1.6E02 1.2E04 2.9E02 4.4E02 1.6E02 8.9E02
Vascular plant 3.8E07 3.3E04 1.3E04 1.1E06 7.3E05 2.2E03 2.7E03 7.6E04 7.3E05 2.5E03 2.9E03 7.6E04 6.2E03
Zooplankton 8.0E07 6.9E04 2.9E04 1.1E05 4.1E04 7.0E03 1.1E02 4.1E05 4.1E04 7.7E03 1.1E02 5.3E05 1.9E02
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adverse effect on marine biota at the population level, which was
comparative to other research (Fisher et al., 2013; Keum et al., 2013;
Kryshev et al., 2012).4. Conclusions
The monitoring results from the cruise showed that activities of
137Cs, 134Cs and 90Sr were found in the surface seawater of the
northwest Paciﬁc 2 orders of magnitude higher than the back-
ground levels. The highest activity concentration of 137Cs, 826 mBq/
L (485 times higher than the average background), was observed at
the station 615 km away from Fukushima. Similar activity levels of
134Cs were also found in the surface seawater samples, conﬁrming
that themonitoring areawas impacted by the contamination. In the
biota samples of squid, 134Cs and 110mAg were detected, which
wasn't existed in the background level, indicating the radioactive
release was concentrated by the marine organisms. According to
the radiological assessment result of ERICA Tool, the dose rates for
marine organisms in the sampling area were lower than the
screening dose rate of 10 mGy h1 by 2e3 orders of magnitude,
indicating that the radioactive release from Fukushima NuclearStation Depth (m) Radioactivity concentration (mB
137Cs 134Cs
W1-1 0 (0.29 ± 0.02)  102 (0.24
W1-1 20 (0.22 ± 0.02)  102 (0.18
W1-1 50 (0.29 ± 0.03)  102 (0.25
W1-2 0 (0.68 ± 0.05)  102 (0.59
W1-2 20 (1.33 ± 0.11)  102 (1.17
W1-2 50 (2.10 ± 0.21)  102 (1.88
W1-3 0 (1.21 ± 0.10)  102 (0.91
W1-3 20 (1.05 ± 0.08)  102 (0.83
W1-3 50 (0.70 ± 0.06)  102 (0.61
W1-4 0 (1.32 ± 0.08)  102 (1.17
W1-4 20 (0.46 ± 0.04)  102 (0.40
W1-4 50 (3.51 ± 0.28)  102 (3.05
W1-5 0 (0.53 ± 0.04)  102 (0.49
W1-5 20 (0.39 ± 0.03)  102 (0.33q/L)
± 0.02
± 0.01
± 0.03
± 0.05
± 0.09
± 0.19
± 0.07
± 0.07
± 0.05
± 0.07
± 0.03
± 0.24
± 0.04
± 0.03Accident would not have a signiﬁcant adverse effect on marine
biota at the population level. However, the risk may increase while
the marine biota continue concentrating the radioactive contami-
nants with potential transfer up the food web, especially for the
organisms living in the Japanese coastal region.Acknowledgment
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Technology Program (2013R016).Appendix. Radioactivity concentration of the seawater
samples90Sr 131I 58Co 60Co 110mAg
)  102 0.92 ± 0.08 N.D. N.D. N.D. N.D.
)  102 1.11 ± 0.10 N.D. N.D. N.D. N.D.
)  102 1.74 ± 0.10 N.D. N.D. N.D. N.D.
)  102 2.84 ± 0.10 N.D. N.D. N.D. N.D.
)  102 6.31 ± 0.14 N.D. N.D. N.D. N.D.
)  102 6.96 ± 0.14 N.D. N.D. N.D. N.D.
)  102 3.29 ± 0.14 N.D. N.D. N.D. N.D.
)  102 9.87 ± 0.18 N.D. N.D. N.D. N.D.
)  102 4.23 ± 0.14 N.D. N.D. N.D. N.D.
)  102 1.82 ± 0.11 N.D. N.D. N.D. N.D.
)  102 2.35 ± 0.11 N.D. N.D. N.D. N.D.
)  102 (1.38 ± 0.02)  101 N.D. N.D. N.D. N.D.
)  102 1.30 ± 0.09 N.D. N.D. N.D. N.D.
)  102 8.94 ± 0.22 N.D. N.D. N.D. N.D.
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Station Depth (m) Radioactivity concentration (mBq/L)
137Cs 134Cs 90Sr 131I 58Co 60Co 110mAg
W1-5 50 (0.52 ± 0.04)  102 (0.43 ± 0.03)  102 2.02 ± 0.11 N.D. N.D. N.D. N.D.
W1-6 0 (0.40 ± 0.03)  102 (0.35 ± 0.03)  102 1.62 ± 0.11 N.D. N.D. N.D. N.D.
W1-6 20 (0.32 ± 0.03)  102 (0.26 ± 0.02)  102 1.16 ± 0.10 N.D. N.D. N.D. N.D.
W1-6 50 (0.35 ± 0.03)  102 (0.30 ± 0.02)  102 3.11 ± 0.16 N.D. N.D. N.D. N.D.
W2-1 0 (0.25 ± 0.02)  102 (0.21 ± 0.02)  102 2.04 ± 0.11 N.D. N.D. N.D. N.D.
W2-1 20 (0.13 ± 0.01)  102 (0.09 ± 0.01)  102 2.10 ± 0.10 N.D. N.D. N.D. N.D.
W2-1 50 (0.45 ± 0.05)  102 (0.37 ± 0.04)  102 4.42 ± 0.13 N.D. N.D. N.D. N.D.
W2-2 0 (0.42 ± 0.03)  102 (0.22 ± 0.02)  102 1.82 ± 0.10 N.D. N.D. N.D. N.D.
W2-2 20 (0.15 ± 0.01)  102 (0.15 ± 0.01)  102 2.79 ± 0.11 N.D. N.D. N.D. N.D.
W2-2 50 (0.20 ± 0.02)  102 (0.16 ± 0.02)  102 4.24 ± 0.15 N.D. N.D. N.D. N.D.
W2-3 0 (1.55 ± 0.12)  102 (1.33 ± 0.11)  102 4.56 ± 0.14 N.D. N.D. N.D. N.D.
W2-3 20 (2.77 ± 0.22)  102 (2.30 ± 0.18)  102 (1.14 ± 0.02)  101 N.D. N.D. N.D. N.D.
W2-3 50 (3.01 ± 0.24)  102 (2.65 ± 0.21)  102 (1.30 ± 0.02)  101 N.D. N.D. N.D. N.D.
W2-4 0 (4.41 ± 0.44)  102 (4.02 ± 0.40)  102 (1.63 ± 0.03)  101 N.D. N.D. N.D. N.D.
W2-4 20 (4.92 ± 0.39)  102 (4.37 ± 0.35)  102 (2.63 ± 0.03)  101 N.D. N.D. N.D. N.D.
W2-4 50 (5.56 ± 0.44)  102 (4.94 ± 0.40)  102 (1.94 ± 0.02)  101 N.D. N.D. N.D. N.D.
W2-5 0 (3.92 ± 0.39)  102 (3.61 ± 0.36)  102 (2.45 ± 0.02)  101 N.D. N.D. N.D. N.D.
W2-5 20 (7.55 ± 0.60)  102 (6.61 ± 0.53)  102 9.20 ± 0.22 N.D. N.D. N.D. N.D.
W2-5 50 (6.78 ± 0.54)  102 (5.97 ± 0.48)  102 (2.87 ± 0.03)  101 N.D. N.D. N.D. N.D.
W2-6 0 (1.45 ± 0.15)  102 (1.31 ± 0.13)  102 8.19 ± 0.18 N.D. N.D. N.D. N.D.
W2-6 20 (1.03 ± 0.08)  102 (0.90 ± 0.07)  102 6.17 ± 0.16 N.D. N.D. N.D. N.D.
W2-6 50 (0.80 ± 0.06)  102 (0.71 ± 0.06)  102 7.26 ± 0.18 N.D. N.D. N.D. N.D.
W2-7 0 (8.25 ± 0.83)  102 (7.57 ± 0.76)  102 (3.09 ± 0.03)  101 N.D. N.D. N.D. N.D.
W2-7 20 (6.63 ± 0.53)  102 (5.83 ± 0.47)  102 (1.99 ± 0.02)  101 N.D. N.D. N.D. N.D.
W2-7 50 (5.04 ± 0.40)  102 (4.39 ± 0.35)  102 (1.96 ± 0.02)  101 N.D. N.D. N.D. N.D.
W3-3 0 1.37 ± 0.13 N.D. 1.17 ± 0.10 N.D. N.D. N.D. N.D.
W3-3 20 1.99 ± 0.16 0.65 ± 0.05 2.37 ± 0.15 N.D. N.D. N.D. N.D.
W3-3 50 3.33 ± 0.33 1.76 ± 0.18 2.01 ± 0.14 N.D. N.D. N.D. N.D.
W3-4 0 1.76 ± 0.17 N.D. 1.20 ± 0.10 N.D. N.D. N.D. N.D.
W3-4 20 2.05 ± 0.16 1.08 ± 0.09 (1.26 ± 0.02)  101 N.D. N.D. N.D. N.D.
W3-4 50 1.57 ± 0.16 0.39 ± 0.03 1.12 ± 0.10 N.D. N.D. N.D. N.D.
W3-5 0 2.45 ± 0.20 1.05 ± 0.08 1.76 ± 0.13 N.D. N.D. N.D. N.D.
W3-5 20 1.30 ± 0.10 N.D. 1.17 ± 0.08 N.D. N.D. N.D. N.D.
W3-5 50 4.48 ± 0.36 2.27 ± 0.18 2.74 ± 0.12 N.D. N.D. N.D. N.D.
W3-6 0 (0.35 ± 0.04)  102 (3.14 ± 0.03)  102 1.85 ± 0.09 N.D. N.D. N.D. N.D.
W3-6 20 4.14 ± 0.33 1.93 ± 0.15 1.82 ± 0.10 N.D. N.D. N.D. N.D.
W3-6 50 (1.50 ± 0.12)  102 (1.31 ± 0.10)  102 1.95 ± 0.11 N.D. N.D. N.D. N.D.
W3-7 0 (1.94 ± 0.19)  102 (1.75 ± 0.17)  102 9.69 ± 0.15 N.D. N.D. N.D. N.D.
W3-7 20 (2.58 ± 0.21)  102 (2.26 ± 0.18)  102 8.43 ± 0.26 N.D. N.D. N.D. N.D.
W3-7 50 (4.85 ± 0.39)  102 (4.36 ± 0.35)  102 (1.80 ± 0.02)  101 N.D. N.D. N.D. N.D.
W3-8 0 (1.76 ± 0.18)  102 (1.59 ± 0.16)  102 8.55 ± 0.16 N.D. N.D. N.D. N.D.
W3-8 20 (1.89 ± 0.15)  102 (1.68 ± 0.13)  102 7.85 ± 0.18 N.D. N.D. N.D. N.D.
W3-8 50 (1.99 ± 0.16)  102 (1.69 ± 0.13)  102 8.72 ± 0.17 N.D. N.D. N.D. N.D.
W3-9 0 (2.82 ± 0.28)  102 (2.57 ± 0.26)  102 8.74 ± 0.17 N.D. N.D. N.D. N.D.
W3-9 20 (1.68 ± 0.13)  102 (1.44 ± 0.12)  102 9.19 ± 0.18 N.D. N.D. N.D. N.D.
W3-9 50 (2.84 ± 0.23)  102 (2.55 ± 0.20)  102 (1.03 ± 0.02)  101 N.D. N.D. N.D. N.D.
Wa 0 (4.64 ± 0.37)  102 (4.09 ± 0.33)  102 4.74 ± 0.14 N.D. N.D. N.D. N.D.
Wa 20 (0.47 ± 0.05)  102 (0.39 ± 0.04)  102 1.25 ± 0.10 N.D. N.D. N.D. N.D.
Wa 50 (0.18 ± 0.01)  102 (0.15 ± 0.01)  102 2.34 ± 0.12 N.D. N.D. N.D. N.D.
Wb 0 (3.22 ± 0.26)  102 (2.80 ± 0.22)  102 1.76 ± 0.14 N.D. N.D. N.D. N.D.
Wb 20 (0.22 ± 0.02)  102 (0.19 ± 0.01)  102 1.25 ± 0.11 N.D. N.D. N.D. N.D.
Wb 50 (0.23 ± 0.02)  102 (0.19 ± 0.02)  102 2.81 ± 0.13 N.D. N.D. N.D. N.D.
J4-1 0 1.63 ± 0.13 1.18 ± 0.09 2.33 ± 0.11 N.D. N.D. N.D. N.D.
J4-1 20 2.58 ± 0.21 2.44 ± 0.20 1.63 ± 0.10 N.D. N.D. N.D. N.D.
J4-1 50 2.16 ± 0.22 0.78 ± 0.08 1.46 ± 0.12 N.D. N.D. N.D. N.D.
J4-2 0 2.63 ± 0.21 0.77 ± 0.06 2.40 ± 0.13 N.D. N.D. N.D. N.D.
J4-2 20 5.69 ± 0.46 4.04 ± 0.32 2.08 ± 0.12 N.D. N.D. N.D. N.D.
J4-2 50 2.75 ± 0.27 0.98 ± 0.09 1.65 ± 0.10 N.D. N.D. N.D. N.D.
J4-3 0 2.12 ± 0.17 1.51 ± 0.12 2.12 ± 0.11 N.D. N.D. N.D. N.D.
J4-3 20 3.32 ± 0.27 1.71 ± 0.14 1.41 ± 0.12 N.D. N.D. N.D. N.D.
J4-3 50 3.53 ± 0.35 1.57 ± 0.16 1.50 ± 0.12 N.D. N.D. N.D. N.D.
J4-4 0 2.30 ± 0.18 1.07 ± 0.09 3.58 ± 0.13 N.D. N.D. N.D. N.D.
J4-4 20 4.41 ± 0.35 3.05 ± 0.24 1.27 ± 0.09 N.D. N.D. N.D. N.D.
J4-4 50 4.90 ± 0.49 2.75 ± 0.27 1.36 ± 0.14 N.D. N.D. N.D. N.D.
J4-5 0 1.92 ± 0.15 1.78 ± 0.14 1.93 ± 0.12 N.D. N.D. N.D. N.D.
J4-5 20 1.58 ± 0.13 0.61 ± 0.05 2.15 ± 0.12 N.D. N.D. N.D. N.D.
J4-5 50 2.75 ± 0.27 N.D. 1.36 ± 0.14 N.D. N.D. N.D. N.D.
J4-6 0 0.62 ± 0.05 0.22 ± 0.02 2.19 ± 0.11 N.D. N.D. N.D. N.D.
J4-6 20 1.57 ± 0.16 N.D. 1.66 ± 0.14 N.D. N.D. N.D. N.D.
J4-6 50 2.49 ± 0.20 0.46 ± 0.04 1.55 ± 0.12 N.D. N.D. N.D. N.D.
J4-7 0 (0.30 ± 0.02)  102 (0.23 ± 0.02)  102 2.62 ± 0.11 N.D. N.D. N.D. N.D.
J4-7 20 1.96 ± 0.20 0.98 ± 0.09 2.08 ± 0.12 N.D. N.D. N.D. N.D.
J4-7 50 4.20 ± 0.34 1.63 ± 0.13 1.87 ± 0.15 N.D. N.D. N.D. N.D.
J4-8 0 (2.07 ± 0.17)  102 (1.79 ± 0.14)  102 9.85 ± 0.18 N.D. N.D. N.D. N.D.
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Station Depth (m) Radioactivity concentration (mBq/L)
137Cs 134Cs 90Sr 131I 58Co 60Co 110mAg
J4-8 20 (2.04 ± 0.20)  102 (1.85 ± 0.19)  102 8.09 ± 0.15 N.D. N.D. N.D. N.D.
J4-8 50 (3.94 ± 0.32)  102 (3.54 ± 0.28)  102 (1.18 ± 0.02)  101 N.D. N.D. N.D. N.D.
J4-9 0 (0.46 ± 0.04)  102 (0.39 ± 0.03)  102 2.22 ± 0.10 N.D. N.D. N.D. N.D.
J4-9 20 (0.37 ± 0.04)  102 (0.35 ± 0.04)  102 3.09 ± 0.10 N.D. N.D. N.D. N.D.
J4-9 50 (2.59 ± 0.21)  102 (2.33 ± 0.19)  102 2.24 ± 0.10 N.D. N.D. N.D. N.D.
J4-10 0 (0.51 ± 0.04)  102 (0.45 ± 0.04)  102 1.69 ± 0.10 N.D. N.D. N.D. N.D.
J4-10 20 (0.51 ± 0.05)  102 (0.45 ± 0.05)  102 1.04 ± 0.12 N.D. N.D. N.D. N.D.
J4-10 50 (0.70 ± 0.06)  102 (0.59 ± 0.05)  102 3.34 ± 0.17 N.D. N.D. N.D. N.D.
J4-11 0 (0.53 ± 0.04)  102 (0.45 ± 0.04)  102 2.51 ± 0.11 N.D. N.D. N.D. N.D.
J4-11 20 (0.51 ± 0.05)  102 (0.45 ± 0.05)  102 2.20 ± 0.14 N.D. N.D. N.D. N.D.
J4-11 50 (0.52 ± 0.05)  102 (0.43 ± 0.03)  102 1.67 ± 0.10 N.D. N.D. N.D. N.D.
J4-12 0 (0.49 ± 0.04)  102 (0.42 ± 0.03)  102 5.90 ± 0.19 N.D. N.D. N.D. N.D.
J4-12 20 (0.47 ± 0.05)  102 (0.39± 0.040  102 1.54 ± 0.11 N.D. N.D. N.D. N.D.
J4-12 50 (0.60 ± 0.05)  102 (0.51 ± 0.04)  102 1.94 ± 0.11 N.D. N.D. N.D. N.D.
J4-13 0 (1.14 ± 0.09)  102 (0.98 ± 0.07)  102 6.92 ± 0.18 N.D. N.D. N.D. N.D.
J4-13 20 (0.43 ± 0.04)  102 (0.39 ± 0.04)  102 2.09 ± 0.13 N.D. N.D. N.D. N.D.
J4-13 50 (0.60 ± 0.05)  102 (0.52 ± 0.04)  102 1.80 ± 0.14 N.D. N.D. N.D. N.D.
Detection limit 0.26 0.23 0.24
Coastal backgrounda (2000e2010) 0.04e3.4
1.7 ± 0.6 (n ¼ 961)
N.D. 0.01e2.6
1.2 ± 0.4 (n ¼ 871)
N.D. N.D. N.D. N.D.
N.D. e activity was lower than LLD.
a From IAEA MARiS Database.
W. Yu et al. / Journal of Environmental Radioactivity 142 (2015) 54e61 61References
Bailly du Bois, P., Laguionie, P., Boust, D., Korsakissok, I., Didier, D., Fievet, B., 2012.
Estimation of marine source-term following Fukushima Dai-ichi accident.
J. Environ. Radioact. 114, 2e9.
Buesseler, K.O., Jayne, S.R., Fisher, N.S., et al., 2012. Fukushima-derived radionuclides
in the ocean and biota off Japan. Proc. Natl. Acad. Sci. U. S. A. 109 (16),
5984e5988.
Buesseler, K.O., Jayne, S.R., Fisher, N.S., Rypina, I.I., Baumann, H., Baumann, Z.,
Breier, C.F., Casacuberta, E.M., Masque, N.P., Garcia-Orellana, J., Garcia-
Tenorio, R., Buesseler, K., 2013. 90Sr and 89Sr in seawater off Japan as a conse-
quence of the Fukushima Dai-ichi nuclear accident. Biogeosci. Discuss. 10,
2039e2067.
Casacuberta, N., Masque, P., Garcia-Orellana, J., et al., 2013. 90-Sr and 89-Sr in
seawater off Japan as a consequence of the Fukushima Dai-ichi nuclear accident.
Biogeosciences 10, 3649e3659.
Fisher, N.S., Beaugelin-Seiller, K., Hinton, T.G., Baumann, Z., Madigan, D.J., Garnier-
Laplace, J., 2013. Evaluation of radiation doses and associated risk from the
Fukushima nuclear accident to marine biota and human consumers of seafood.
Proc. Natl. Acad. Sci. U. S. A. 110, 10670e10675.
Hou, X., Povinec, P.P., Zhang, L., Shi, K., Biddulph, D., Chang, C.-C., Fan, Y., Golser, R.,
Hou, Y., Jeskovský, M., 2013. Iodine-129 in seawater offshore Fukushima: dis-
tribution, inorganic speciation, sources, and budget. Environ. Sci. Technol. 47,
3091e3098.
IAEA, 2004. Sediment distribution coefﬁcients and concentration factors for biota
in the marine environment. In: Technical Reports Series, No. 422. IAEA,
Vienna.
Kawamura, H., Kobayashi, T., Furuno, A., In, T., Ishikawa, Y., Nakayama, T., Shima, S.,
Awaji, T., 2011. Preliminary numerical experiments on oceanic dispersion of 131I
and 137Cs discharged into the ocean because of the Fukushima Daiichi nuclear
power plant disaster. J. Nucl. Sci. Technol. 48, 1349e1356.
Keum, D.-K., Kim, B.-H., Lim, K.-M., Choi, Y.-H., 2013. Radiation exposure to Marine
biota around the Fukushima Daiichi NPP. Environ. Monit. Assess. 1e8.
Kryshev, I., Kryshev, A., Sazykina, T., 2012. Dynamics of radiation exposure to ma-
rine biota in the area of the Fukushima NPP in MarcheMay 2011. J. Environ.
Radioact. 114, 157e161.
Lepage, H., Evrard, O., Onda, Y., Patin, J., Chartin, C., Lefevre, I., Bonte, P., Ayrault, S.,
2014. Environmental mobility of 110mAg: lessons learnt from Fukushima acci-
dent (Japan) and potential use for tracking the dispersion of contamination
within coastal catchments. J. Environ. Radioact. 130, 44e55.
Li, L., Xu, J., Jing, C., et al., 2002. Study on the application of TOPEX/Poseidon satellite
altimetry data: annual changes of surface height, dynamic topography and
circulation at South China Sea. Sci. China (Series D) 12, 978e986.Maderich, V., Bezhenar, R., Heling, R., de With, G., Jung, K., Myoung, J., Cho, Y.-K.,
Qiao, F., Robertson, L., 2014. Regional long-term model of radioactivity disper-
sion and fate in the Northwestern Paciﬁc and adjacent seas: application to the
Fukushima Dai-ichi accident. J. Environ. Radioact 131, 4e18.
MARiS. http://maris.iaea.org/.
Masson, O., Baeza, A., Bieringer, J., et al., 2011. Tracking of airborne radionuclides
from the damaged Fukushima Dai-ichi nuclear reactors by European networks.
Environ. Sci. Technol. 45 (18), 7670e7677.
Masumoto, Y., Miyazawa, Y., Tsumune, D., Tsubono, T., Kobayashi, T., Kawamura, H.,
Estournel, C., Marsaleix, P., Lanerolle, L., Mehra, A., 2012. Oceanic dispersion
simulations of 137Cs released from the Fukushima Daiichi nuclear power plant.
Elements 8, 207e212.
Men, Wu, He, Jianhua, Wang, Fenfen, Wen, Yu, Li, Yiliang, Huang, Jiang,
Yu, Xingguang, 2015. Radioactive status of seawater in the northwest Paciﬁc
more than one year after the Fukushima nuclear accident. Sci. Rep. 5, 7757.
http://dx.doi.org/10.1038/srep07757.
Merz, S., Steinhauser, G., Hamada, N., 2013. Anthropogenic radionuclides in Japa-
nese food: environmental and legal implications. Environ. Sci. Technol. 47 (3),
1248e1256.
Perianez, R., Suh, K.-S., Byung-Il, M., et al., 2013. Numerical modeling of the releases
of 90Sr from Fukushima to the Ocean: an evaluation of the source term. Environ.
Sci. Technol. 47 (21), 12305e12313.
Povinec, P., Aoyama, M., Biddulph, D., Breier, R., Buesseler, K., Chang, C., Golser, R.,
Hou, X., Jeskovský, M., Jull, A., 2013. Cesium, iodine and tritium in NW Paciﬁc
waters e a comparison of the Fukushima impact with global fallout. Biogeosci.
Discuss. 10, 6377e6416.
Povinec, P.P., Hirose, K., Aoyama, M., 2012. Radiostrontium in the western North
Paciﬁc: characteristics, behavior, and the Fukushima impact. Environ. Sci.
Technol. 46, 10356e10363.
Rypina, I., Jayne, S., Yoshida, S., Macdonald, A., Douglass, E., Buesseler, K., 2013.
Short-term dispersal of Fukushima-derived radionuclides off Japan: modeling
efforts and model-data intercomparison. Biogeosci. Discuss. 10, 1517e1550.
Saegusa, J., Kikuta, Y., Akino, H., 2013. Observation of gamma-rays from fallout
collected at Ibaraki, Japan, during the Fukushima nuclear accident. Appl. Radiat.
Isot. 77, 56e60.
Shimizu, Y., Yasuda, I., Ito, S.-i., 2001. Distribution and circulation of the coastal
Oyashio intrusion. J. Phys. Oceanogr. 31.
Tsumune, D., Tsubono, T., Aoyama, M., Hirose, K., 2012. Distribution of oceanic 137Cs
from the Fukushima Dai-ichi nuclear power plant simulated numerically by a
regional ocean model. J. Environ. Radioact. 111, 100e108.
Wada, T., Nemoto, Y., Shimamura, S., Fujita, T., Mizuno, T., Sohtome, T.,
Kamiyama, K., Morita, T., Igarashi, S., 2013. Effects of the nuclear disaster on
marine products in Fukushima. J. Environ. Radioact. 124, 246e254.
